The authors demonstrate the generation of transform-lunited optical pulses with low background levels and durations tunable in the range 1 ~ 2ps at readily selectable low base rates of 1 -2.5GHz. The system described is simple, compact and suitable for multiplexing up to lOOGbitis per channel.
The authors demonstrate the generation of transform-lunited optical pulses with low background levels and durations tunable in the range 1 ~ 2ps at readily selectable low base rates of 1 -2.5GHz. The system described is simple, compact and suitable for multiplexing up to lOOGbitis per channel.
Currently much effort is being focused on the development of transmission systems [l] and switching schemes [2, 31 capable of operating at single channel data rates of 100 Gbit/s and above. Such data channels will consist of many lower frequency channels combined through optical time-domain multiplexing (OI'DM). Consequently there is a requirement for an optical pulse source operating at much lower base rates in the range 1 -2.5GHz generating high quality pulses of -1 ps duration with very low background levels suitable for OTDM at lOOGbit/s or beyond.
One of the most attractive ways of producing such a pulse source is through the direct modulation of the output from a CW DFB semiconductor laser with an electroabsorption @A) modulator. Unfortunately, even when driven at a relatively high frequency of 20 GHz the minimum transform-limited pulse duration attainable is -4ps [4] . In addition, with a single-pass sinusoidally driven modulator the duty cycle of the pulses is always limited to -5% or more by the modulator response function [5] . Recently we have shown that by combining an EA modulator with a DFB semiconductor laser gain-switched at a low repetition rate transform-limited 6ps pulses can be generated at frequencies of lGHz or lower [6] and also that it is possible to use nonlinear pulse compression in a dispersion-decreasing fibre (DDF) to compress the pulses generated by an EA modulator to 190fs [A. Such pulses are too short, however, for the next generation of communications systems. One solution to this problem is to simply lengthen these short pulses to the required duration by spectral filtration [8] , but this is inefficient, complicated and expensive. In this Letter we report the combination of these two techniques and the use of an appropriately designed DDF to generate transform-limited 1.2ps pulses at frequencies -1 -2.5GHz. The experimental configuration is shown in Fig. 1 . The output from a DFB semiconductor laser is coupled through the EA modulator. The modulator is driven electrically with a DC bias of -7.5V and an R F drive of -lW (into 50a) at IOGHz. A second frequency synthesiser whose clock is synchronised to that of the modulator driver is used to gain-switch the DFB at the base frequency, which is an integer divisor of 1OGHz. For the purposes of this demonstration a base frequency of lGHz was used, but the technique described here will produce identical results for a wide range of base frequencies. The passive electrical phase delay incorporated between the two R F drives is adjusted such that the gainswitched pulses coincided with the minimum attenuation point in the modulator cycle. This results in the generation of a train of chirped pulses -15ps long at the base frequency of 1GHz. To compensate for the chirp on these pulses they are then coupled through a dispersive transmission filter. This consists of a chirped fibre Bragg grating (bandwidth 2nm, nominal length 7mm) which the pulses are coupled in and out of via a fused fibre polarisation division coupler. The total insertion loss of this filter is < 1dB.
After dispersion compensation the pulses have a duration of 6ps and a time-bandwidth product of 0.32, indicating that they are transform-limited. The fact that the same EA modulator was used m this instance as was previously used to generate 6ps pulses at 1562nm [4 demonstrates that the device can be operated across the whole erbium gain window.
The train of 6ps pulses is then amplified to high power in a diode-pumped Er3*-doped amplifer and propagated through the DDF. The average output power in this experiment was -5OmW, but in general the output power required from the amplifier depends on the base frequency used and the dispersion profile of the DDF. The DDF used here was -2km long with an outer diameter of 1 8 3~ at the input and 138prn at the output, and a hyperbolic variation of dispersion with length. The measured values of dispersion at the signal wavelength at the input and output ends were 12.0ps/nm.km and 1.9ps/nm.km, respectively, and the fibre loss was 0 . 6 d B h . Fig. 2 shows the autocorrelation trace and spectrum of the pulses emergent from the DDF. The measured pulse duration is 1.2ps, assuming a sechZ pulse envelope, and the spectral bandwdth is 2.1 nm, yielding a time-bandwidth product of 0.32. The spectrum also displays a CW peak at the carrier frequency of the DFB semiconductor laser. Integrating the areas Inset: spectrum of 1.2ps pulses produced by the system under this peak and the pulse spectrum and taking into account the duty cycles of the DFB and modulator-generated pulses we calculate that the CW component represents a 50ps pedestal with an intensity compared to the pulse peak of i-25dB. This is in good agreement with the background level expected owing to the f~t e modulation depth of the modulator, indicating that truly adiabatic pulse compression is occurring in the DDF with very little energy being shed by the pulses during the process. This pedestal could be further reduced through the use of a modulator with a hgher extinction ratio [4] . It should also be noted that, unlike the previous case of pulse compression to 190fs [7] , no spectral shift to longer wavelength is observed, indicating that in this case no Raman self-frequency shift occurs.
The compression ratio obtained from the DDF is approximately constant as a function of input pulse duration for a given signal wavelength and is determined by the ratio of the fibre dispersions at the input and output ends and the fibre loss. As the pulse duration produced by the EA modulator is tunable, depending on the electrical drive [5] , there is some flexibility in the fmal output duration in the range 1 ~ 2ps.
In conclusion we have demonstrated the generation of transform limited 1.2ps pulses at a repetition rate of 1 GHz through the adiabatic soliton compression in a DDF of pulses derived from a chupcompensated EA modulator. The method we have described is applicable over a range of repetition rates and such a pulse source would be suitable for transmission and switching applications at total channel rates of 10OGbiUs or more. dal clock at half the information frequency as modulators. Along with the possibility of polarisation-independent operation, NOLMs exhibit terahertz speed potential. The performance of a B = 20Gbitds soliton link with periodical NOLM regenerators is evaluated through numerical integration of the nonlinear Schrodinger equation; the transmission quality is found to be higher than that obtained through pure intensity modulation. The improvement is attributed to the NOLM additional phase modulation, which is shown to efficiently reduce soliton interactions. 
Fig. 2 All-optical regenerator with I:2 clock recovery and NOLM modulation
The all-optical modulator proposed in this analysis is the twowavelength NOLM [4] . The driving sinusoidal optical control P,(t) of mean power PJ2 and frequency B12 induces a nonlinear phase shift $co(t) = xPC(t)/Pz = n(P,/P,) [sin(pBt)+l]/2 to the part of the signal copropagating with the control and $c,,l = .nPT/Pn = nP) 2P7t to the counterpropagating part of the signal. P, is the power required to obtain n: phase-shift over the NOLM length. In this analysis, walkoff and group velocity dispersion are neglected. From [5] , assuming a 50150 splitting ratio, the resulting NOLM field transmittance is T(t) = -i exp{-i[~,,(t)+$~~,]/2 sin { [$cO(t)+cnl]/ 2). We define the NOLM switching efficiency as q = PJP,. Fig. 1 shows the NOLM intensity (lT(t)I2) and phase transmittance (@ = Arg T(t)) for efficiencies q = 0.05, 0.2 and 0.3 as calculated from the above equations. When q 5 0.3, the intensity transmittance is weakly sensitive to q and is very close to a sinusoid. Note that clock control at f = B/2 provides intensity modulation at B to the signal soliton train experiencing it. On the other hand, the phase transmittance exhibits a beneficial alternate mhift between two adjacent solitons, which is known to reduce soliton interactions [6] . Additionally, a comparatively small but detrimental negative (&DIdtz < 0) chup tends to pull every other soliton away from the effect. Next, we simulate these two counteracting effects.
The optically amplified link considered in the simulation is a 10000 km-long cascade of Z, = 45km fibre sections and erbiumdoped fibre amplifiers (EDFAs). Fibre attenuation, dispersion and effective area are a = 0.23dB/km, D = 0.25ps/nm.km and A , = Active soliton control based on synchronous regeneration through 5 0 p z , respectively. At each EDFA, amplified spontaneous emismodulators such as LiNbO, Mach-Zehnders [I], Kerr fibre [2] or sion (Gaussian distribution) is added to the signal, and gain is electroabsorption modulators [3] has been demonstrated. These adjusted for constant power. The emitted signal is a 128bit modulators provide intensity, phase, or combined intensity/phase pseudo-random bit sequence (PRBS) of lops, N = 1, sech2 soliton modulation, respectively. Here, we propose two-wavelength nonpulses. At every tenth amplifer (Z, = 450km), a regeneration stage linear optical loop mirrors (NOLMs) driven by an optical sinusoiis inserted. The regenerator, described in Fig. 2, Simulations show improvement of transmission compared to systems regenerated with pure intensity modulators. This is explained by efficient reduction of soliton interactions.
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